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By employing the lattice Boltzmann method, we perform simulations that incorporate the contact
between suspended particles as well as the free surface of the suspensions. Our simulation for a
free falling impactor semi-quantitatively reproduces experimental counterparts, where the impactor
bounces for high speed impact and high volume fraction shortly after the impact before subsequently
sinks. We observe that the response depends on the radius of the impactor, which leads to fit our
simulation data by a phenomenology based on the Hertzian contact theory. When the rebound takes
place, a localized jammed region is formed as the sustaining force by frictional contact between
particles. Furthermore, a persistent homology analysis elucidates the significance of the topological
structure of force chains, where the total persistence of connected components correlates to the
sustaining contact force.
Introduction.— One of typical examples of the non-
Newtonian behavior of dense suspensions is the fact that
running persons can stay afloat while walking persons
sink. The solid-like response under fast impact and re-
maining fluid otherwise have also gained attraction for
practical applications, such as protective vests. Such re-
sponses are often associated with the shear thickening,
both the continuous (CST) and discontinuous (DST), in
dense suspensions under simple shear flows. Neverthe-
less, the simple shear flow is different from the running on
a liquid. The latter is regarded as one of impact problems
in which response on the impact speed and the surface
effect should be relevant. Some efforts have been made
to reproduce the impact behavior through experiments
[1–6]. Waitukaitis and Jaeger indicated that the added
mass effect in solidified region after an impact is impor-
tant [1]. The propagation of the dynamic jamming-front
is also observed in a quasi-two-dimensional experiment
for impact on a suspension [2]. Moreover, a series of
penetration experiments under the constant speed con-
dition [3–5] suggested that the added mass effect alone
is insufficient to explain such huge resistance. Instead,
they showed that the stress on the impactor increases as
it approaches the bottom boundary. The importance of
the bottom boundary characterized by depth of the sus-
pensions H was also indicated from an experiment for
free-falling impactor [6], where the bouncing motion of
the impactor was observed shortly after the impact.
In order to extract microscopic information of two-
dimensional dry granular materials in experiments, one
could use photoelastic disks to visualize the force act-
ing on each grain [7]. Similarly, numerical simulations
have become an important tool to understand the mi-
croscopic mechanism behind exotic phenomena in sus-
pensions since the motions of the suspended particles are
not visible in three-dimensional experiments. One of the
remarkable insights from simulations is that the frictional
contacts between particles are important to observe the
DST under simple shear [8–12]. Nevertheless, particles-
based simulation of a free-falling projectile onto suspen-
sions has not been reported so far because of the difficulty
to simulate suspensions with free-surface. Only recently,
the first fluid-based simulation of suspensions under im-
pact, as long as we know, has been conducted in Ref.
[13], where the authors successfully reproduced various
interesting processes for suspensions under impact, such
as the viscoelastic response of a rotating wheel. Since,
however, their fluid simulations with the aid of a consti-
tutive equation cannot capture the particle dynamics, the
mechanism behind impact-induced hardening in the mi-
croscopic level remains elusive. In this Letter, we utilize
the lattice Boltzmann method (LBM) [14–16] to perform
a simulation that can incorporate particle dynamics as
well as the free surface of the suspensions [17–19].
Simulation method.— The hydrodynamic fields are
calculated on nodes inside the cells of a fixed Cartesian
grid. Due to this discrete nature of the LBM, one needs
to discretize the unit of length (smallest particle radius
amin) into the lattice unit ∆x = 0.2amin for the hydro-
dynamic fields calculations. To simulate the free surface
of the fluid, it is necessary to introduce interface nodes
between the fluid and gas nodes, where we calculate the
fluid density in a single cell mf and liquid fraction λ [17–
19]. To maintain a smooth surface and conserve mf , the
surplus ofmf during time evolution is distributed equally
among interface nodes. The detailed explanation on how
to calculate the hydrodynamic fields, and the rules of evo-
lution equation for mf are written in the Supplemental
Materials.
The motion and the torque of the particle i are given
by mi
dui
dt
= F ci + F
h
i + F
r
i + F
g
i and Ii
dωi
dt
= T ci + T
h
i ,
respectively. Here, ui, ωi, mi, and Ii are the transla-
tional velocity, angular velocity, mass, and the moment
of inertia of particle i, respectively. F gi = −migzˆ is
the gravitational force acting on the suspended particles,
where g is the gravitational acceleration and zˆ is the
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FIG. 1. (a) Plots of impactor speed in z-direction uIz(t)/u
∗ against time for various volume fraction φ. (b) Plots of the impactor
height z(t)/amin against time for various volume fraction φ. (c) Plots of the z-component of exerted force on the impactor FI,z
scaled by gravitational force F gI (solid line) and its contributions, contact (dashed line), and hydrodynamics (cross symbols),
for φ = 0.57 and uI0,z/u
∗ = 4.2 (blue lines in (a) and (b)).
unit vector in vertical direction. The ingredients of our
model are similar to the lubrication friction discrete ele-
ment method (LF-DEM) [9, 10]. Nevertheless, our LBM
considers both the short and long-range parts for the hy-
drodynamic force F hi and torque T
h
i [12, 20](See Sup-
plementary Materials for the details), though LF-DEM
contains only the short-range force. The contact force
and torque F cij and T
c
ij are computed using the linear-
dashpot model with Coulomb friction rules and friction
coefficient µ [21]. We mainly use µ = 1 for our sim-
ulations but will discuss µ−dependence later. Finally,
we also introduce the pairwise double-layer electrostatic
repulsive force F rij to prevent particles from clustering
[10, 12].
About 600 suspended particles (bidisperse particles
with bidispersity ratio amax = 1.2amin where the radii of
the large and small particles are amax and amin, respec-
tively) are confined in a rectangular box (W × D × H)
where we adopt the width W = D = 24amin, and height
H = 12amin. We adopt the reflection rule as the the
boundary condition on the walls. The impactor is a solid
spherical object with radius aI = 3amin, and density
ρI = 4ρf , where ρf is the density of suspended par-
ticles and solvent. The impactor also obeys Newton’s
equation of motion with total force FI = F
h
I +F
c
I +F
g
I ,
and total torque TI = T
h
I + T
c
I , where F
g
I = −mIgzˆ is
the gravitational force acting on the impactor with mass
mI . The contact force F
c
I is calculated with similar man-
ner as the suspended particles, while the hydrodynamic
force F hI is calculated with the bounce-back rules [14, 15].
In order to maintain numerical stability, we ignore the
lubrication torque on the impactor (regarding the sur-
face of impactor as planar surface) as exemplified in Ref.
[20]. However, the torque from contact are still consid-
ered. The impactor is released from various height H0
that corresponds to the impact velocity as uI0 =
√
2gH0,
which also specifies the unit of time in our simulation
τ =
√
amin/2g, unit velocity u
∗ =
√
2gamin, unit of force
F0 =
4
3piρfa
3
ming, and unit of stress σ0 = F0/a
2
min.
Impact induced hardening.— First, we plot the im-
pactor speeds uIz(t)/u
∗ as functions of time for various
volume fractions φ in Fig. 1(a), where we set the time
t = 0 and height z = 0 at the impact moment. The
plots for the heights (z/amin) of impactors can be seen
in Fig. 1(b). One can observe bouncing of the impactor
(uIz(t)/u
∗ < 0) for the volume fraction φ ≥ 0.54 as in a
free-falling projectile experiment [6] due to the harden-
ing of the suspension shortly after the impact. After the
rebound, the suspension becomes soft, and the impactor
sinks, where the sinking speed is a constant. Note that
the critical φ for rebounds is a little higher than that in
the experiment [6] since our simulations ignore the rolling
friction (See Ref. [22]). When the impactor bounces, one
can observe a peak in FI,z which is z−component of FI
(Fig. 1(c)), where we plot the total force exerted on the
impactor for φ = 0.57 and uI0,z/u
∗ = 4.2 (the blue lines in
Figs. 1(a) and 1(b)). Furthermore, we can see a visible
peak in the contact force, which proceeds by weak hy-
drodynamic contribution. The separation between those
peaks are so short that they form a single peak in the
total force. This behavior is similar to the observation
in an experiment of rod impactor [1], where they observe
two peaks in the impactor acceleration for deep suspen-
sions. In the contrary for the shallower suspension, in
which rebound takes place, the separation between those
two peaks is not detectable. Moreover, they also observed
the second peak when the impact force is transmitted to
the boundary [1]. Here, the peak of the contact forces
between particles in our simulation corresponds to their
second peak. This indicates that the hardening takes
place when the network of the contact force is percolated
from the impactor to the boundaries. [23]
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FIG. 2. (a) Plots of the speeds of impactor in z-direction uIz(t)/u
∗ against time for φ = 0.57 and various friction coefficients µ.
(b) Plots of the speeds of impactors in z-direction uIz(t)/u
∗ against time and the solution of Eq. (1) for φ = 0.57, with fitting
parameters A = 2.14× 105m0/(aminτ
2) and B = 5.65× 104m0/(aminτ ) for all aI , where m0 = 4pia
3
minρf/3. (c) Phase diagram
for the bouncing or sink on the plane of the control parameters volume fraction φ and the the impact speed uI0,z.
To clarify the importance of the contact friction fur-
ther, we simulate various friction coefficient µ to see its
dependencies. In Fig. 2(a), one can observe that the
bouncing motion is weakened as µ decreases. This stands
as the second proof that frictional contacts between par-
ticles are necessary to induce the resistance that makes
the impactor rebounds. This µ-dependence is analogous
to that for DST in dense suspensions under steady shear
[8–12] and for impact in dry granular materials [24].
Figure 2(b) shows a clear dependence on the impactor
radius aI . Therefore, we try to characterize the elasticity
of suspensions by the viscoelastic Hertzian law for contact
[25, 26]. The equation motion for the deformation h for
the Hertzian contact is written as
mI
d2h
dt2
= −A√aIh 32 −B√aIh 12 dh
dt
, (1)
where A and B are fitting parameters which correspond
to the elastic modulus and viscosity, respectively. In Fig.
2(b), we plot the simulation results alongside with the so-
lutions of Eq. (1). Although there are gaps (i) to identify
the depth with the deformation and (ii) to ignore hydro-
dynamic and gravity effects acting on the impactor, one
can see that they agree in shortly after the impact when
the rebound takes place and deviate afterwards. In other
words, this picture is only valid when h is small. There-
fore, this does not contradict the observation in Ref. [3],
where the suspensions have plastic response under impact
since their impactor penetrates to the bottom boundary
(large h).
The observations on possible running on suspensions
are successfully mimicked through our simulations, where
we also observe that the impact-induced hardening de-
pends on the impact speed uI0,z, as shown in the phase
diagram in Fig. 2(c). Although it is not observed clearly
in Ref. [6], the speed dependence also exists in the simu-
lation of rotating wheel on top of the suspensions [13].
Note that the highest φmax = 0.57 in our simulation
is still below the frictional (µ = 1) jamming fraction
φµ=1J ≈ 0.585 for µ = 1 [10], whereas the bouncing takes
place for φmin ≤ φ ≤ φmax, with lowest observed bounc-
ing volume fraction φmin = 0.51. This range reminds us
of the observed volume fractions for both CST and DST
under simple shear in numerical simulations [9, 10, 12].
However, one should recognize that two processes are
completely different since the impact-induced hardening
is a heterogeneous and transient process, while the shear
thickening is homogeneous in steady states. [27]
To understand the stress response of the suspension,
we visualize the normal component of the stress on each
suspended particle σzz right after the impact, sliced in
the middle of the container as shown in Fig. 3(a). Here
we can see the existence of a localized region with dis-
tinctively high normal stress value, from the impactor
to the bottom boundary. On the contrary, we observe a
uniformly weak magnitude of the shear stress (See Sup-
plemental Materials). Note that this localized response
of the normal stress is also a clear distinction between
the impact and shear thickening phenomena. To see the
origin of this mechanism in the microscopic level, we visu-
alize the magnitude of the normal contact forces between
particles scaled by the gravitational force |F c,nij |/F0 right
after the impact in Fig. 3(b). The percolating force
chains span from the impactor to the bottom boundary.
The regions of large σzz and the force chains correspond
to the dynamically jammed region in Fig. 3(a) and Refs.
[1, 3–5], where we also observe a spanning region of high
particle displacement ∆z (see Supplemental Materials).
As indicated in Refs. [2, 3, 13], the propagation speed
of the jamming front depends on the impact speed. One
can imagine that the sudden change of stress right after
the impactor stops makes the suspension softs and let the
impactor sinks.
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FIG. 3. (a) Snapshot of the particles, sliced in the middle
of the box for φ = 0.57 and uI0,z/u
∗ = 4.2, shortly after the
impact, where the color represents the dimensionless normal
stress σzz/σ0. (b) Snapshot of the force chains made by nor-
mal contact forces scaled by the gravitational force |F c,nij |/F0
for φ = 0.57 and uI0,z/u
∗ = 4.2, shortly after the impact,
where the color and line thickness represent the magnitude of
the force.
Persistent homology.— To elucidate the important
feature of the force chains, we try to grasp its topological
structure by using the persistent homology [28]. In ad-
dition to successful distinction of the liquid, amorphous,
and crystalline states of silica glass [29], the persistent
homology allows us to quantify the topological structure
of the force chains in granular materials [30, 31], and in
dense suspensions under simple shear [32]. Since no vis-
ible loops or higher dimensional structures are observed
from the force chains in Fig. 3(b), the topological struc-
ture we consider is only the connected component rep-
resented by the zeroth Betti numbers β0. The idea of
the persistent homology is to filter the force chains by
increasing threshold θf , where a link in the force chains
appears if |F c,nij |/F0 ≤ θf . We regard this as the birth
of a connected component. As the threshold is further
increased, the structure grows in size as additional con-
tacts are added. When multiple connected components
merge, the structure that is born later in the filtration
(which has higher birth θf ) dies. We record the birth
θf as θf,b and death θf as θf,d. This rule also ensures
θf,d > θf,b. The program to filter the chains is available
in public domain [33, 34]. Note that in Refs. [30–32], θf,b
is always larger than θf,d, since they adopt the filtration
by reducing the threshold. We plot θf,d against θf,b for
all connected components that appears in Fig. 3(b) in
the persistence diagram (Fig. 4(a)). The time evolu-
tion of the force chains and persistence diagram can also
be seen in the Supplemental movie [35]. Shortly after
the impact, we observe more points far from the diago-
nal, which represent the connected components to persist
through the increment of force threshold with the lifes-
pan (θf,d−θf,b). Due to the continuity of the force among
the suspensions, the only possible mechanism for the ex-
istence of long lifespan for connected components is by
forming a long chain. One can regard this as a quanti-
tative proof of the existence of percolated force chains.
The component with θf,d = −1 is the component that
has infinite persistence, i.e. never dies until the filtration
ends. The persistent homology ignores the effect of such
contact forces.
The total persistence for the connected components
TP0 is the sum of all lifespan in the persistence diagram
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FIG. 4. (a) Persistence diagram of the connected components
for φ = 0.57 and uI0,z/u
∗ = 4.2, shortly after the impact.
(b) Plot of the total persistence for the connected commpo-
nents TP0 scaled by the number of suspended particles N
against time for φ = 0.57 and uI0,z/u
∗ = 4.2 (red lines). Plot
of the corresponding contact force on the impactor in the
z−direction F cI,z (dashed blue lines).
5PD0
TP0 =
∑
(θf,d,θf,b)∈PD0
(θf,d − θf,b). (2)
This allows us to describe the persistence diagram by a
single number as a cost of information loss. Higher TP0
means merging of longer connected components (perco-
lated force chains), while TP0 = 0 means no merging
of the connected components. Note that we ignore the
components with infinite persistence since we are only in-
terested in the extraction of the structural information.
We plot TP0 scaled by the number of suspended particles
N against time in Fig. 4(b). It is remarkable that TP0
reaches its peak at the same time as the corresponding
contact force and the shape of TP0 is similar to that of
the contact force. When the suspension becomes soft and
the impactor sinks, we found TP0 = 0, even though there
are still contributions from the contact forces. These con-
tributions come from the singular (not percolated) force
chains near the impactor. In other words, the peak of
the contact force that induces the hardening of the sus-
pension comes from their structure, i.e. the existence of
percolated force chains. Our results support the argu-
ment in Refs. [1, 3–6] that indicate the importance of
the boundaries to sustain percolated force chains. Mean-
while, for sheared suspensions, the total persistence for
loops is more significant as it behaves similarly to the
viscosity [32]. This distinction exists because the force
chains are more structured and uniformly distributed for
sheared suspensions than those in the impact case.
Conclusions and outlook.— We have reproduced the
impact-induced hardening and the dynamically jammed
region in dense suspensions through particles-based sim-
ulations. Remarkably, with the aid of the persistence
homology, one can confirm the existence of a percolated
force chains when impact-induced hardening takes place.
Due to the limitation of our computational resources,
we have not analyzed the dependence on the system size
as well as dependences on H andW . A sinking heavy in-
truder in dense suspensions shows a distinct behavior, as
it oscillates and has a stop-go cycle near the bottom [36].
Although our preliminary simulation reproduces such a
process, we avoid including the analysis of it because the
physics behind it is different from that explained in this
Letter. Our simulation method and analysis can also be
applied to the impactor rebound within the view of the
jamming transition as in Ref. [37], where they unified the
shear jamming and the DST pictures. Nevertheless, we
avoid such discussions in this Letter in which one needs
to apply shear to the suspensions before dropping the im-
pactor and will induce a completely different response. A
recent paper observe the existence of a universal scaling
law for impacts in dry granular media [38]. It would be
interesting to analyze whether such a scaling law exists
in the impact on suspensions.
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I. LATTICE BOLTZMANN METHOD FOR
SUSPENSIONS WITH FREE SURFACE
A. Review on the lattice Boltzmann method
In this section, we review the essential parts of the
lattice Boltzmann method (LBM) based on Refs. [S1–
S6]. Due to the discrete nature of the LBM, one needs
to discretize the unit of length into the lattice unit ∆x.
In LBM, the hydrodynamic fields (density ρf and veloc-
ity uf ) are calculated on nodes r inside cells of a fixed
Cartesian grid as
ρf (r) =
∑
q
fq(r)∆c
3, ρfuf (r) =
∑
q
fqcq(r)∆c
3,
(S1)
where cq is the lattice velocity of the direction q, and ∆c
3
is the volume element in the velocity space with ∆c =
∆x/∆t. fq(r) is the abbreviation of fq(r, t) which is the
discrete distribution function and has the dimension of
mass density. The evolution equation for fq(r, cq) is
fq(r + cq∆t, t+∆t) = fq(r, t) + Ωq,c +∆tΩq,f , (S2)
where Ωq,c is the collision operator and Ωq,f is an ad-
ditional operator if a volumetric force density f˜ acts on
the system. We use the Bhatnagar-Gross-Krook approx-
imation for the collision operator [S7], which relaxes the
system to the equilibrium state f eq
q
as
Ωq,c =
f eq
q
− fq
τr
, (S3)
where τr is the relaxation time relating to the kinematic
viscosity ν as τr = ∆t(1/2 + ν/c
2
s), with cs is the lattice
sound speed, cs =
√
∆c2/3. The equilibrium distribution
function f eq
q
= f eq
q
(ρf ,uf ) is calculated as
f eq
q
(ρf ,uf )∆c
3 = wqρf
[
1+
cq · uf
c2s
+
ufuf : cqcq − c2sI
2c4s
]
(S4)
where wq is the lattice weight that depends on the con-
figurations. For Ωq,f , we employ [S8]
Ωq,f∆c
3 = wq
(
1− ∆t
2τr
)[
(cq − uf)
c2s
+
(cq · uf)
c4s
cq
]
· f˜ .
(S5)
As a result, the macroscopic velocity is changed so the
second term in Eq. (S1) becomes
ρfuf(r) =
∑
q
fqcq(r)∆c
3,+
∆tf˜(r)
2
. (S6)
B. Handling the free surface of the fluid
To simulate the free surface, we need to implement the
mass tracking algorithm [S9–S11]. First, we assign a type
of nodes such as the fluid, interface, or gas node for each
node, where the interface node exists between the fluid
and gas nodes as in Fig. S1. Note that Eqs. (S1) and
(S2) are only used in the fluid and interface nodes.
A gas node represents the cell which is not occupied by
the fluid, hence fq = 0. An interface node expresses the
interface between fluid and gas, where the streaming and
collision of fq exist as in fluid nodes. Here, we introduce
a variable mf , which represents the density of the fluid
in a single cell, to track the evolution of the surface. The
interface node turns into a fluid node if mf ≥ ρ∗f or into
a gas node if mf ≤ 0, where ρ∗f is the unit density of the
fluid. Therefore, the state of each node is characterized
by the liquid fraction λ:


λ = 1 if the node is liquid
0 < λ < 1 if the node is interface,
λ = 0 if the node is gas,
where mf = λρf . The evolution of the mf is determined
by the balance between the populations streaming into
the node fq′(r+ cq′∆t, t) (q
′ = −q) and out of the node
fq(r, t)
mf (t+∆t) = ∆t
∑
q
αq(fq′(r + cq′∆t, t)− fq(r, t))∆c3
+mf (t),
(S7)
where αq is a function of λ of the neighboring
node(located at r + cq′∆t).
2αq =


1
2 [λ(r, t) + λ(r + cq′∆t, t)] if fq′(r + cq′∆t, t) streams from an interface node,
1 if fq′(r + cq′∆t, t) streams from a fluid node,
0 if fq′(r + cq′∆t, t) streams from a gas node.
(S8)
When an interface node turns into a fluid node, the neigh-
boring gas nodes turn into interface nodes. When an in-
terface node turns into a gas node, the neighboring fluid
nodes turn into interface nodes. Although the density
in a continuum model must be conserved, the discrete
model can contain small loss or gain of mf . The sur-
plus (or shortfall including the possibility of negative den-
sity) of mf is then computed at every time step and is
corrected to satisfy the conservation among all interface
nodes.
Fixed-pressure boundary condition. As stated before,
LBM equations are solved only in the liquid and inter-
face nodes. This creates a problem in the implementa-
tion since the population streaming to the interface nodes
from gas nodes which is necessary in Eq. (S2) is not well-
defined. Assuming that the gas node is always in equlib-
rium and has the same velocity of the interface node uinf
and a constant atmospheric density ρa < ρf , the incom-
ing distribution function (first term on the right hand
side of Eq. (S2)) is replaced by the equilibrium distribu-
tion function with uinf and ρa [S5],
fq(r, t)→ f eqq (uinf , ρa). (S9)
This is analogous to applying a fixed-pressure boundary
condition at the interface, and local symmetry conditions
for the velocity.
FIG. S1. Illustration of the the division of the lattice nodes
into fluid, interface and gas nodes.
C. Solid boundaries and the fluid-particle coupling
We implement two coupling schemes to handle solid
boundaries within our simulations. We use the bounce-
back rules for no-slip boundary condition on walls and the
surface of the impactor, while we use the direct forcing
scheme for suspended particles. The bounce-back rule
simply states that whenever a population is streaming
towards a wall, this population is reflected and bounced
back in the opposite direction. This rule can be expressed
as
fq′(r, t+∆t) = fq(r, t), (S10)
in LBM notation. If the wall is moving, the reflection
has to take into account the momentum transfer by an
addititonal term [S3, S4]
{fq(r, t)−fq′(r, t+∆t)}∆c3 =
(
2wqρfuw · cq
c2s
)
, (S11)
where uw is the wall velocity. Here, uw is calculated as
uw(r) = u
I + (r −RI)× ωI , (S12)
where uI , ωI are the translational velocity and the angu-
lar velocity on the surface of the impactor, respectively,
and RI denotes the center of mass of the impactor. The
momentum exchange described in Eq. (S11) results in a
force on each node on the impactor surface F˜ (r) as
F˜ (r) =
∆x3
∆t
(
2fq(r, t)∆c
3 − 2wqρfuw · cq
c2s
)
cq. (S13)
The hydrodynamic force on the impactor F hI is the
sum of the forces for all nodes in the surface as F hI =
0.0 0.1 0.2 0.3 0.4
t/τ
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FIG. S2. Plots the z-component of exerted force on the im-
pactor FI,z (solid line) scaled by gravitational force F
g
I =
mIgzˆ for φ = 0.54 and u
I
0,z/u
∗ = 1.61 and its contributions:
contact (dashed line), and hydrodynamic forces (dot-dashed
line), respectively.
3(a) (b) (c)
FIG. S3. Snapshots of the particles, sliced in the middle of the box for φ = 0.57 and uI0,z/u
∗ = 4.2, shortly after the impact,
where the color represents:(a) the normal displacement ∆z, (b) Dimensionless shear stress σxz/σ0, and (c) the absolute ratio
between the shear and normal stress |σxz/σzz|.
∑
r∈surface F˜ (r), while T
h
I =
∑
r∈surface(r −RI)× F˜ (r)
is the hydrodynamic torque.
Direct forcing. By using the immersed boundary
method, we calculate the hydrodynamic force through
an additional discretization of particles into a set of seg-
ments rcell. These particle segments are related to the
fluid simulation by an interpolating function [S12]. We
implement the simplified version [S5, S11], where the
segments correspond to the lattice nodes of the LBM
rcell = r. Since the volume of a cubic cell is unity, the
hydrodynamic force on each cell F˜cell(r) can be computed
directly from the velocity differences
F˜cell(r) =
∆x3
∆t
ρf (r)[uf(r)− ucell(r)], (S14)
where ucell is the velocity of the particle cell
ucell(r) = u+ (r −R)× ω, (S15)
where u, R, and ω are the translational velocity, center
of mass, and angular velocity of the suspended particles,
respectively. The resultant hydrodynamic force on each
suspended particle F h is the sum of all forces on the cells
inside the particle l as F h =
∑
r∈l F˜cell(r). Similarly, the
torque is given by T h =
∑
r∈l(r−R)×F˜cell(r). Note that
this method requires a contribution to the body force
density of the fluid f˜ . Therefore,we calculate f˜ in Eqs.
(S6) and (S5) as
f˜(r) = −ρfgzˆ − F˜cell(r)
∆x3
. (S16)
Note that the first term comes from the gravity.
II. ADDITIONAL FIGURES
In this section, we present several figures that are not
placed in the main text. First, we plot the force exerted
on the impactor for φ = 0.54 and uI0,z/u
∗ = 1.61 in Fig.
S2, when the impactor does not bounce. In contrast to
Fig. 1(c) in the main text, no distinct peak exists in
FI,z in this case. Moreover, there is a visible time delay
between the maximum hydrodynamic contribution and
the maximum contact contribution. It is easy to imagine
that this response is viscous not to make the impactor
rebounds.
Normal displacement. In Fig. S3(a), we visualize
the particle displacement in normal (z-) direction ∆z,
sliced in the middle of the simulation box. Here, one
can observe the existence of localized region of high nor-
mal displacements, which corresponds to the dynamically
jammed region. Note that our observation is similar to
the displacement field observed in an experiment of rod
impactor [S13].
Shear stress. In Fig. S3(b), we visualize the dimen-
sionless shear stress on each suspended particle σxz/σ0,
with σ0 =
4
3piρfaming, sliced in the middle of the simu-
lation box. Here, one can observe that the magnitude of
the shear stress is almost uniform. This indicates that
the shear stress plays a minor role in the impact prob-
lem because it is unrelated to the force chains (Fig. 3(b)
in the main text). We also visualize the absolute ratio
between the shear and normal stress |σxz/σzz| in Fig.
S3(c), which shows that the shear stress is much smaller
than the normal stress. This clarifies another difference
between the impact problem and the DST in which the
shear stress is as large as the normal stress.
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